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This article summarises the development of a prototype based on an iPad mini and open source software detailed in ref. [1] . Appropriate experimental activities that explore natural radioactivity and everyday objects are given to demonstrate the use of this new tool in educational settings.
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Educational tools for discovering radioactivity
Conventional approaches for demonstrating the nature of radioactivity in education involve the use of Geiger-Müller tubes. These detectors are able to sense particles from radioactive decays but cannot distinguish between different types of particles. Another, more visual and revealing device is a cloud chamber, where particles leave a variety of visible traces in the form of clouds as they cross the chamber. This work describes a prototype to visualise radioactivity in a novel way, inspired by cloud chambers. With its mobile form factor, iPadPix enables out-of-school learning activities about exploring natural radioactivity through space and over time [2] .
Measuring radioactivity with a hybrid pixel detector. To record and qualify impinging particles, this prototype uses a hybrid pixel detector. Similar to the ionisation process inside a could chamber, particles leave different traces within a segmented sensor depending on their energy, type and direction of incidence. If the energy is large enough to ionise the sensor material, liberated charges are collected in a readout chip connected to each pixel. The chosen hybrid pixel detector assembly consists of a 300 µm thick silicon sensor bump-bonded to a Timepix readout chip [3] . The sensitive area of 2 cm 2 is divided into 256 × 256 pixels, each covering 55 µm × 55 µm. A notable prior work which uses the same detector principle and inspired iPadPix as well is GAMPIX: a camera to visualise gamma radiation in highly irradiated work environments [4] .
Implementation of iPadPix
Means of augmented reality are used to visualise radioactivity with iPadPix. In the visual domain, this technique is a composition of an image depicting reality and a transparent overlay featuring additional information or highlighting certain aspects of the visual content. Applied in a measurement device for radioactivity, it allows to extend the human senses to recognise naturally invisible particles. Radioactive transformation processes such as α-, β-and γ-decays become observable in a visual way. Their origins can be directly related to physical objects and areas in the environment of the user. In order to achieve this direct link, measured pixel detector data is evaluated in real-time and displayed on top of a live video feed. Therefore, hardware and software related implementation aspects need to facilitate fast data flow and real-time processing in a mobile package. Collimation is intentionally omitted, which is why particles from outside this area can be also recorded.
Hardware. A hand-held iPad mini tablet computer equipped with a 7.9" screen is the base component of iPadPix and holds all other parts of the prototype on its back. The back-side camera is enhanced with an add-on lens named S2 wide angle lens and manufactured by Schneider Optics. This lens increases the covered field of view by more than a factor of two and reduces the minimum close-focus distance down to 2 cm. The Timepix-based hybrid pixel detector is placed as close as possible next to the lens such that both fields of view are overlapping. It is mounted inside an USB Lite device available from IEAP recording pixels at a maximum rate of 4 frames per second [5] . The USB connection is wired to an Intel Atom-based MinnowBoard Max. This embedded processing board analyses the recorded traces of radioactivity from the pixel detector and forwards the data to the tablet through a small USB-WiFi stick. A USB battery pack is used to power both, the detector and the processing board with 5 V for several hours of mobile usage. Figure 1 shows the back of the tablet with all hardware parts on the left and a scheme of the optical setup on the right.
Software. In order to process data of the pixel detector in real-time, new software consisting of several components was developed. The Linux operating system on the embedded board starts all programs on power-up and forwards pixel clusters to the iPad. If the deposited energy from a traversing particle is greater than the set threshold of 4 keV in Timepix, a data point consisting of the pixel x-, y-coordinate and energy is created. New data points are recorded in intervals of 250 ms which are then analysed pixel by pixel. All data is evaluated in a procedure which groups pixels corresponding to a single interaction between one particle and the sensor together in a so-called cluster. A UDP network connection is used to transmit these pixel clusters to the tablet over WiFi. The AVRO serialisation protocol is a generic and platform independent way to convert data like pixel clusters into a space efficient binary format. Each AVRO-formatted UDP packet holds an array of records that describes every cluster identified in a frame. A cluster record stores an ID number, the coordinates of the geometrical cluster centre, total cluster energy, and the individual pixel data stored in three separate arrays (x, y and energy values). All software sources developed for the iPadPix prototype can be found online: http://github.com/ozel/iPadPix.
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Display and classification of clusters
On the iPad mini, a custom built iOS application receives the pixel clusters. Per pixel energies are drawn according to a colour map within a yellow viewfinder square that represents the detector area of 2 cm 2 . The implemented colour scale uses white and yellow tones to highlight maximum pixel energies in a cluster. Orange colour tones represents mid-range energies while red and black tones represent the minimum values. The live video feed of the camera is shown in the background and updated as well in real-time. The auto-focus setting of the iPad back-side camera, available to application developers since iOS 8, is utilised to draw the size of the viewfinder square always in relation to the distance between the tablet and observed objects. It is also used to realign the horizontal overlap of the camera's field of view with the detector area depending on the distance (cf. the green trapezoid and the dotted red line in figure 1) . A digital zoom factor is used to increase the optical magnification of the camera-lens assembly to an overall magnification value of ×8.25. At the minimal focus distance of 2 cm, the area in front of the detector is magnified to a viewfinder square of almost 12 cm × 12 cm, using the entire height of the tablet screen.
Depending on the type and energy of the impinging particle, several cluster shapes can be distinguished. The characterisation of these pixel clusters in Timepix/Medipix assemblies has been described in a number of publications, e.g. [6, 7] . This work presents a further extension, using similar selection criteria as applied in [8] , adapted for weak radiation fields and fast real-time processing. Figure 2 shows the complete algorithm which is used to classify clusters according to their shape and total energy. The aim is to estimate the radioactive decay mode which results in the emission of the measured particle. The cluster energy is evaluated according to the following assumptions: iPadpix is designed to observe sources of natural radioactivity such as cosmic particles, potassium-40, the thorium and uranium decay chains. Low-energetic electrons are stopped in the metallisation layer of the silicon. High-energetic pixel clusters of several 100 keV total energy are unlikely to originate from a γ-photon as the thin silicon sensor is almost transparent for photons in this energy range. The result of this classification procedure is shown as a label next to the pixel clusters in the viewfinder. Figure 2 shows a screenshot of iPadPix on the right. -3 -
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Outlook on experimental activities for educational settings
Several studies show that the use of augmented reality in education impacts many factors positively: learning performance, motivation, student engagement and collaboration [9] . In addition to enabling these advantages in educational settings on radioactivity, iPadPix offers new possibilities in teaching its nature. A common misconception is the mix-up of radioactivity with non-ionising electromagnetic radiation and other notions of radiation in general. The described tool demonstrates that ionising radiation -regardless whether it is embodied by a single photon or a particle with mass -leaves a relatively confined trace in the detector, reassembling a point-shaped interaction. Moreover, it is possible to localise the origin of the radiation within certain limits (cf. figure 1 ) by exploring a radioactive object or area via manual movement of the tablet. These fundamental features of iPadPix can be used to show aspects of the wave-particle dualism which would not be possible with a traditional, non-segmented detector such as a Geiger-Müller tube. By observing the recorded count rate per particle type on the screen, it is possible to compare the characteristic radioactivity of objects and the environment across space and over time. Weak emitters such as potassium-40 in certain foods or fertilisers, can be distinguished by a slightly increased overall count rate compared to the background. In this case, the advantage of the pixel detector is its high sensitivity towards low-energetic particles. The natural abundance of radon in samples of filtered environmental air or drinking water is verified by an increased α-particle count rate. Out-of-school learning activities profit from the mobility of iPadPix and can target the exploration of radioactivity in the environment. For example, hunting rocks that contain natural occurring compounds of the thorium and uranium series. In urban areas, steps and walking paths made of granite represent interesting opportunities. On flea markets and in antique shops, everyday objects such as uranium-coloured glasses or dials painted with radioluminescent paint from old watches (cf. figure 2, right side) pose worthwhile targets. Figure 3 shows the use of iPadPix in two of such hands-on activities, indoors and outdoors. Technical outlook. On the visual side, many adaptions are possible with the iOS application. One idea is to replace the display of raw pixel data with a simple icon for each particle type (e.g. a blue ball for electron-type clusters etc.).
-4 -Besides visual augmentation of reality, the current implementation was extended with sonification software for performing in two New Music concerts in 2016. In addition to the visualisations, a different tone was played for each particle type. The recorded energy was used to modulate the sound. Because the data transmission is based on network standards, a second wireless UDP connection can be easily established to a regular computer. It converts each copy of cluster data into digital notes that trigger sounds of a synthesiser in real-time and synchronous to the visualisation.
In terms of hardware, we are investigating the mobile use of the more recent Timepix3 pixel detector readout chip [10] . It offers an enhanced energy resolution and provides arrival time information on the nanosecond scale, enabling for example time-of-flight measurements. This would facilitate further interesting educational activities where the incidence direction of particles like atmospheric muons can be revealed.
